Melt spinning of polypropylene nonwoven nanofiber mats is demonstrated using Forcespinning . The effects of rotational speed and melt flow rate of polymer on fiber diameter were studied. It was observed that melt flow rate of the polymer plays a major role in nanofiber formation and uniformity. Differential scanning calorimetry and X-Ray Diffraction analysis indicate that the crystallinity of nanofibers was decreased when compared to bulk polypropylene and the appearance of an oriented meso-phase (β phase) became evident with nanofiber development.
INTRODUCTION
Nonwoven fabrics used in filtration applications are an important part of the global nonwoven industry making up the fourth largest end-use market in North America [1] . The global market for nonwoven filter media was estimated to be $2.5 billion in 2010 and is expected to increase to more than $3.5 billion in 2015 [2] . Filter manufacturers have used micron sized nonwoven fiber mats in filter media since about the 1950s. Melt blowing and melt spinning are the most common processes used for the fabrication of nonwoven micron sized fiber mats. Polymer melt is extruded through the orifice die and fibers are collected on the take up wheel during the melt spinning process. The fiber diameters of melt spun fibers are higher than 10 μm and are produced in high volumes.
The melt blowing is performed by extruding the polymer melt through the orifice die and molten filaments are attenuated by hot air (usually the same temperature as molten polymer) to form microfibers. Filter efficiency is known to improve as the size of the fibers decreases since surface area increases [3] . Therefore, since the mid 1990s research and development in the nanofiber area has heavily intensified. Polymeric nanofibers have gained significant attention given their potential applications in the filtration industry and in general in the nonwoven industry. Some of the methods that have been used to produce nanofibers are drawing [4] , template synthesis [5] [6] , phase separation [7] , self-assembly [8] [9] , electrospinning [10] [11] [12] and melt-blown spinning [13] . Many of these methods have advantages for specific fiber formations, but are limited from an industrial processing standpoint. Mass production of nanofibers is of great importance to meet the current demands in the market [14] . Process control and design are some of the key parameters in mass production of nanofibers, and desirable properties are small fiber diameter and tight homogeneity (narrow fiber size distribution). The drawing process is one where the viscoelastic materials can forgo large deformation and are mechanically pulled into nanofibers though usually encapsulated into a matrix and known as "island in a sea". The drawing process has the advantage of being a low cost process since there is minimum equipment requirement, though its disadvantage is that materials must possess enough ductility to undergo large deformations without failure and it is either a discontinuous, batch process where fiber dimensions and morphology are difficult to control or if prepared as island-in-a-sea, there is a need to remove the matrix. In the case of template synthesis, fibers of different diameters and shapes can easily be obtained. Nanoporous membranes have been used as a template to produce nanofibers of fibril or hollow shape. Its disadvantage is that the process cannot be scaled to obtain high yields and continuous nanofibers. The phase separation process is limited to certain polymeric systems and, as with the other processes, it cannot be scaled up. However, its advantages are that the consistency of the nanofibers from batch to batch is quite homogeneous and the process can be tailored to directly fabricate nanofiber matrices http://www.jeffjournal.org Volume 8, Issue 1 -2013 though with long time frames to transfer the solid polymer to the nano-porous foam. For self-assembly, it is reported that the process can be quite complex and cannot be scaled, though interesting patterns in nanofibers can be obtained. In the case of the spinning methods (melt blown and electrospinning), it is reported that electrospinning process is scaled for nanofiber production. Melt-blown spinning has been used successfully in the development and mass production of micron sized fibers, though for nanofibers, the energy requirements make it a prohibitively costly process. For micron sized fibers the consumption of gas increases significantly, typically going from 40 to 100 times as much air by weight as the polymer flow rate. For example, as Kubo and Watanabe mentioned, in the case of fiber production of PP with 3µm in diameter at a flow rate of 0.2 g/min the spinning speed is as high as 31,000 m/min (about 1.5 Mach) and most of this energy is wasted [15] . As mentioned above, electrospinning is the process scaled up for industrial production. In a typical lab scale system, electrospinning consists of a syringe that holds the polymer solution, a dc voltage supply in the kV range, and two electrodes. Polymer solution based electrospinning is a more common approach than melt electrospinning. The solvent selected to prepare the solution has to have suitable vapor pressure, viscosity, and surface tension to electrospin fibers.
Besides these key process parameters, electrospinning requires an understanding of other parameters that affect formation of Taylor Cone and jet instability, solution or melt conductivity, electrostatics, electric field strength, surface charge, and ionization field.
Some researchers have been successful in modifying the traditional electrospinning (research tool) method to enhance nanofiber production. Theron et. al studied a multiple needle system (7-9 needles) using equidistantly arranged needles, they observed that behavior of border jets along the linear array were different from that of central jets with respect to envelope cone and bending direction [16] . In the study of 26 needles arranged in a linear manner, jets were generated from the border needles on either side and needles closer to the center were quite inactive [17] . This phenomenon can be caused due to electric field shielding near the center needles. Zhou et. al studied flat spinneret with three holes in a linear array and observed three separated spots of nanofibers mat formation with the deposition areas from the side jets being larger than the center jets and also observed fiber diameter distribution of electrospun nanofibers were broader with the increase in the polymer flow rate [18] . To overcome difficulties involved with multiple needle based electrospinning, Jirsak et. al used a semi-submerged smooth rotating cylinder as the electrode to pick up drops of solution from a polymer bath, nanofibers are spun towards the collector by applying a DC voltage supply in kV range between rotating cylinder and collector [19] .
Forcespinning (FS), a newly developed method that uses centrifugal forces to drive the material through a designed set of orifices within a spinneret, has become an attractive method for polymer melt and solution spinning. FS also provides the advantage of producing nanofibers from materials with a low dielectric constant which had not been previously produced (in its pure state) by electrospinning such as in the case of Teflon AF (TAF) (Dupont), a copolymer of perfluorodimethyl dioxole and tetrafluoroethylene which has the lowest dielectric constant (1.90-1.93) [20] . Several attempts have been conducted to electrospin perfluorinated polymers such as TAF; the procedures was based on using sacrificial polymers and/or coaxial methods [21] [22] . Scheffler et al. also prepared TAF fibers in its pure state and obtained small fibers (about 7 μm), though the vast majority were observed to be in the 30 μm scale [23] . TAF fibers were spun into fibers using the FS process and long continuous and homogeneous fibers were obtained with average diameter of 362 nm [24] . Other materials had been proven to have difficulties such as ultra high molecular weight Polyethylene (UHMWPE) where appropriate secondary solvents have to be selected because of low dielectric constant of the primary solvent [25] or salts need to be added to enhance conductivity of the solution in order to be electrospun [26] . In the case of FS, this is not a factor to be considered and nanofibers have been successfully obtained either in solution or melt process without the need to either potentially contaminate the sample with the salts or with the addition of more chemicals adding cost to the produced fibers.
When industrial quantities are needed, solution based systems become expensive due to solvent requirements and costs involved in solvent recovery steps. In this paper, Forcespinning is used to fabricate melt spun polypropylene nanofibers. Polypropylene nanofibers are highly desired for filtration applications and very few published articles have discussed melt fabrication of polypropylene nanofibers, particularly with results of average fiber diameter below 500 nm. Figure 1 shows the schematics of fiber formation using Forcespinning. The polymer solution or melt are forced through the orifices of the spinneret by http://www.jeffjournal.org Volume 8, Issue 1 -2013 applying centrifugal force. As polymer solution or melt is ejected through the orifices, continuous polymer jets are formed and are stretched into formation of fine web of fibers due to applied centrifugal force and shear force acting across the tip of orifices of the spinneret.
EXPERIMENTAL METHOD
The web is collected on the custom designed collector system. Fiber formation and morphology of the formed web are dictated by solution concentration (in case of solution spinning), melt viscosity (for melt spinning), rotational speed, distance between collection system and spinneret and gauge size of the spinneret. Forcespinning of polypropylene (PP) melt was carried out on the lab scale equipment and Figure 2 shows the schematic diagram of lab scale system. The polymer was loaded onto the designed spinneret and was melted by engaging both upper and bottom heater rings. Polypropylene of different melt flow rate (MFR) was studied: Exxon Mobil Polypropylene Homopolymer 3155 (MFR of 36 g/10 min), Lyondell basell Metocene MF 650 W (MFR of 500 g/10min), Lyondell basell Metocene MF 650 X (MFR of 1200 g/10 min) and ExxonMobil Achieve grade 69361G (MFR of 1550 g/10 min). Polypropylene material was melted at 225ºC inside the spinneret and rotational speeds varied from 8,000 to 12,000 rpm for 30 seconds. A fiber web was collected on a glass slide for scanning electron microscopy (SEM) analysis (Hitachi S-4300 SE/N). Samples were gold sputtered. To assess fiber diameter at least 500 nanofibers randomly selected from 20 SEM micrographs were used. Fiber diameter measurement was conducted using Image J software (http://imagej.nih.gov/ij/docs/install/index.html). For the fiber diameter results presented here the measurements were made in triplicate. All replicates were performed at similar operating conditions and process parameters. The crystallinity analysis was performed using a Differential Scanning Calorimeter Q series instrument (DSC Q100) calibrated with indium standard under nitrogen atmosphere (50 ml/min). The samples were first heated to 250 o C at a rate of 5°C/min, held isothermal for 15 minutes at 250 o C and cooled to room temperature (a second cycle was run under same conditions). X Ray Diffraction data was collected in transmission mode on a Rigaku R-Axis Spider diffractometer with an image plate detector using a graphite monochromator with Cu Ka radiation (λ=1.5418Å). The fiber samples were mounted on a Hampton Research CryoLoop. Typical acquisition times were 15 minutes. Thermal stability and weight loss studies were performed on a TA Instruments TGA Q500. The samples were analyzed from 20 o C to 700 o C at a heating rate of 10 o C/min. All the analyses were performed under a N 2 atmosphere with a flow rate of 40 ml/min.
RESULTS AND DISCUSSION
Polypropylene fibers were obtained as seen in Figure  3 . Lower rotational speeds resulted in larger fiber diameter. Polypropylene with varying MFR from 36 to 1550 g/10 min were studied for the same process conditions of 12,000 rpm and melted at 225 C without altering chamber environmental conditions. Therefore, the fibers experienced restricted extensional flow given the rapid cooling after exiting the spinneret. The fibers were continuous, long and uniform fiber diameter was observed through the http://www.jeffjournal.org Volume 8, Issue 1 -2013 length of the fibers. Figure 4 -7 shows the fiber diameter distribution for PP fibers for MFR of 36, 500, 1200 and 1550 g/10 min and indicates that average fiber diameter decreases with the increased MFR and standard deviations also reduced with increased MFR. Scanning electron micrographs (Figure 8 and 9) show PP fibers of average fiber diameter below 500 nm for MFR of 1550 g/10 min. Fibers were obtained either as free standing nonwoven mats as shown in Figure 10 (where the nanofiber mat is manually pulled out of the substrate) or deposited in a substrate (Figure 11) . The nanofiber mats were also produced in the continuous processing production equipment. Production equipment has the capabilities to fabricate fibers from polymer solutions (polymer dissolved in solvent(s) at a particular concentration) or polymer melts to coat 1.1 meter wide substrate and length of the substrate to be coated with nanofibers mat depends on the length of the roll fed in production equipment. Figure 12 shows the melt spun polypropylene self standing continuous nanofibers mat of 50 meter long and 1 meter wide coated on a substrate using the production system. The productivity depends on the number of spinneret heads, spinneret design, number of orifices in the spinneret, flow rate, rotational speed, melt viscosity of polymer material and the fiber diameter requirement of forcespun fibers.
The current productivity of melt spun PP varies from 0.04 to 0.08 g/min/orifice and number of orifices are varied to alter the productivity rate. The energy consumption of production system is around 13 kwh/ kg of fibers. Ellison et.al studied the melt blowing of PP under specific process conditions and observed that average fiber diameter of PP (Exxon; PP 3746G, MFR 1500 at 230°C) decreased from 1.23 µm to 0.45 µm by increasing the air to polymer mass flux ratio [13] . Air to polymer mass flux ratio was increased either by http://www.jeffjournal.org Volume 8, Issue 1 -2013 increased air flow rate or decreased polymer mass flow rate, while the other process variables remained the same. Increased air to polymer mass flux ratio resulted in an increase in the drag on the fiber and eventually reduced the average fiber diameter of PP [13] . It was also observed that fiber breakup or number of droplets in shape of sphere (average diameter of sphere varied between 0.95-0.99 µm) appeared to be attached to the fiber and increased at relatively high air-polymer flux ratios and complete fiber breakup of PP (no fiber collected) resulted at increased temperature or at reduced polymer flow rate [13] . Tan et al. studied the effect of viscosity and elasticity of polymer independently on average fiber diameter by blending Polystyrene of different molecular weight in melt blowing [27] . Tan et al. observed an increase in average fiber diameter with increased elasticity and viscosity and were able to fabricate single digit micron sized fibers without any defects such as spheres [27] .
Rangkupan et al. spun fibers from molten PP in vacuum using electrospinning process and observed broader fiber diameter variation from 300 nm to 30 micron [28] . Similar results of fiber diameter varying from single digit micrometers to several hundred micrometers were observed for melt-electrospun PP fibers [29] . Zhmayev et. al. studied gas assisted melt electrospinning (combination of melt blowing and electrospinning) and average fiber diameter of Polylactic acid (PLA) fibers was reduced from 3.5 µm to 0.18 µm with introduction of hot and high velocity air in the spinning region [30] . Melt film fibrillation process was used to produce sub micron fibers and utilizes central fluid stream to form an elongated hollow polymeric film tube, and then using external air to form multiple sub micron fibers from the hollow polymeric tube [31] . Meltspun polypropylene of sub micron fibers demonstrated with Forcespinning eliminates the use of high velocity air or high temperature-high velocity air as required in meltblown, gas assisted melt electrospinning and melts film fibrillation process.
PP is a polymorphic material, which has a tendency to crystallize in at least three morphological structures [32] , known as α, β, and γ. These crystal structures have been a subject of intense study. For several years these structures were known to be monoclinic (α), pseudo-hexagonal (β), and triclinic or orthorhombic (γ) [33] . The most common monoclinic α structure established in 1960 has been confirmed by subsequent studies except for some adjustments in cell parameters [34] . In the case of the β and γ structures, these remained a puzzle for long time until diligent studies and improve techniques solved the crystal structure puzzle [34] [35] . The γ phase was presented to be an orthorhombic unit cell by Meille and Brückner in 1989 while the β phase (distinguishable phase within iPP) was solved independently in 1994 by Meille et al. and Lotz et al. to be a frustrated trigonal cell with three isochiral lattices [34] [35] . Studies regarding space groups and chain packing geometry of these crystal structures have also contributed to a better understanding of the iPP crystal structure [36] . In the case of nanofibers, meaning crystallization under molecular orientation; the process of structural change differs from unoriented crystallization where nucleation rate, growth rate of the nucleus and the mode of geometrical growth are the parameters that will explain the crystallization kinetics [15] . In oriented crystallization the morphology of the materials becomes strongly dependent on the degree of molecular orientation and the temperature needed to maximize rate of crystallization also increases. Figure 13 shows the XRD curves for PP in powder form and developed nanofibers, it can be observed that the powder sample shows distinct peaks usually observed in iPP samples where the monoclinic α structure is predominant as shown by planes (110), (040), (130), (111), (050) and (220). In the nanofiber sample, a broadening of the peaks corresponds to a deformation of the original crystal phases due to the imposed alignment and rapid cooling, a shifting of the α(110) peak towards the β(300) is seen. The β phase (observed under molecular alignment) is observed at 16.2º as reported by Cho et al. [37] . As mentioned above, the temperature drop at the exit of the nozzle is significantly high. The nanofibers exit the nozzle and undergo rapid cooling due to the air stream caused by the rotating spinneret. This rapid cooling precludes the extensive formation of crystals as observed also in crystallinity calculations obtained from DSC where the bulk iPP has a crystallinity value of 75% while the developed nanofibers show a crystallinity of 65%. These values were calculated considering an ideal heat of fusion of 188 J/g. Even though the amorphous phase increases, in the DSC plots shown in Figure 14 , a distinct peak in the endothermic peak is observed, this peak represents the oriented meso-phase (β phase) as observed in the XRD spectra. The slight decrease in crystallinity compares well with previous studies conducted on the development of nanofibers. Several studies have shown decreases and others an increase, Lee et al. [38] and Reneker et al. [39] have reported that crystallinity values are affected depending on the glass transition temperature, basically explaining that for polymers with low glass transition temperatures (ductile polymers such as PCL with Tg of -60°C) an http://www.jeffjournal.org Volume 8, Issue 1 -2013 increase in crystallinity is observed in electrospun nanofibers while the opposite is observed for polymers with high transition temperature (rigid polymers) [40] . Figure 15 shows the TGA curves for both samples. It can be observed that the forcespinning does not cause degradation of the polymer (decrease of molecular weight caused by chain scission). In other nanofiber systems developed from the melt degradation has been observed due to thermal or shear overexposure [13] . The polydispersity of the polymers is usually affected by the long residence time in the system. In the case of fibers fabricated with the lab scale system, the residence time is no more than 8 minutes while the fibers fabricated in the production system underwent a 10 minutes residence time. Therefore degradation was not observed. 
CONCLUSIONS
The forcespinnig process provides a viable alternative for fabricating nanofibers utilizing melt processes. The process has distinct advantages over conventional techniques to fabricate nanofibers. Forcespinning does not require high voltages or specific dielectric properties of the material as required in electrospinning.
Forcespinning eliminates the hot and high velocity air required in melt blowing. The polypropylene morphology was analyzed and it is reported that long, continuous nanofibers are obtained from the PP melt with average diameters of sub 500 nm for polypropylene of high MFR of 1550 g/10 min. The process allows for fibers to be collected as free standing nonwoven mats or uniformly deposited in substrates at desired basis weight. An aligned molecular mesophase is formed given the fast cooling of the developed fibers. The crystallinity percentage decreases slightly and thermal degradation was not observed.
